I. INTRODUCTION
T HE LHCb experiment [1] at the Large Hadron Collider (LHC) at CERN has been designed for precision studies of CP violation and rare decays of beauty and charm hadrons.
Because the bb pairs are predominantly produced either in the forward or backward direction, the LHCb detector is designed as a single arm forward angle spectrometer with coverage of the pseudo-rapidity range of 1.9 < 'TJ < 4.9. The LHCb detector consists of a silicon micro-strip Vertex Loca tor (VELO), followed by the first Ring Imaging Cherenkov counter (RICH), and a silicon strip tracking stations (IT) in front of the (empty) dipole magnet. Behind the magnet there are three layers of tracking stations consisting of a combination of silicon strips and straw-tube drift chambers, a second RICH detector, the electromagnetic and hadronic calorimeter, and finally five muon stations. Further details of the sub-detectors can be found in [1] .
The LHC has been running since September 2009 and has delivered about 1. 1 fb-1 to LHCb by the end of October 20 11. The VELO provides precise measurements of track coordinates close to the interaction region, which are used to identify decay vertices from beauty and charm hadrons. It consist of two moveable detector halves equipped with 21 silicon micro-strip modules oriented perpendicular to the beam direction, see 
A. Silicon Module
Each module has two semi-circular sensors placed back to-back with a hole in the centre for the beam. The sensors provide radial (R) and angular (¢) information, respectively. All sensors are 300 /.Lm thick and use n-in-n technology, except for the sensors of two modules in the backward direction which are n-in-p type. The latter were mounted in view of the replacement detector which is currently being built and which consists entirely of n-in-p sensors. This replacement detector will be installed in case the current detector reaches its end of life before the planned upgrade of the LHCb experiment. Strip isolation is obtained through the use of a p-spray and the sensors are surrounded by a multiple guard-ring structure. To each side of the module a 4 layer kapton hybrid circuit is glued which carries 16 Beetle [2] readout chips. Each chip contains 128 amplifiers, shapers with a peaking time of 25 ns and a 4 /.LS analogue pipeline. After receiving a trigger, the analogue information is sent out over serial copper links to the counting house where the ADC boards are located. The core of the module consists of a 400 /.Lm thick Thermal Pyrolytic Graphite (TPG) plate encapsulated in carbon fibre. The TPG conducts the heat from the Beetle chips to the end of the modules where the cooling is connected at a distance of rv 10 cm from the tip of the sensor.
B. Vacuum enclosure
The detector halves are enclosed by 300 /.Lm thick Alu minium boxes for two reasons. Firstly the boxes act as beam pipe in the interaction region of LHCb and hence conduct 978-1-4673-0 120-6/ 1 11$26.00 ©20 11 IEEEthe beam mirror currents while at the same time they shield the modules electromagnetically from the interference of the beams. Secondly, the box forms a vacuum tight enclosure and as such separates the detector volume from the high quality vacuum of the beam volume. The distance between the edge of the silicon sensors and the RF-box is nominally 1 mm. During operation the pressure in the beam and detector volumes are 10-9 and 10-7 mbar, respectively and hence virtually no differential pressure across the thin RF-box exist. However, during maintenance periods, both the beam and detector volume are filled with ultra-pure Neon at atmospheric pressure for safety reasons. Filling and pumping down the two volumes while ensuring that the differential pressure between the two volumes never exceeds 2 mbar is a complex procedure. This fully automated procedure is controlled by a programm able logic controller (PLC).
C. Evaporative CO2 Cooling
The power dissipation per module is about 18 Watts and this gives rise to a thermal gradient along the module and over the cooling interface of about 17 degrees. To mitigate the effects of radiation damage, the silicon sensor must be kept at a temperature of < -5°C. Hence the C0 2 cooling system [3] is operated at an evaporation temperature of -30°C. The temperature of the cooling system is controlled by regulating the pressure in the CO 2 accumulator close to the counting house, outside of the radiation zone. Since the pressure drop between the evaporators on the silicon modules and the accumulator is small, the temperature of the silicon modules can be controlled without the need for pressure sensors in the radiation zone. The cooling system has been operating successfully since the start of the physics runs in 2009.
D. Motion system
During injection, energy ramping and squeezing of the LHC beams, the VELO is located at its 'out' position, at a distance of 30 mm from its nominal position during data-taking. Once the LHC declares 'stable beams', the detector halves are moved towards, and centred around the collision region. The actual movement is done by a PLC which controls the stepper motors. Moving the detectors in is done via a step-wise procedure. At each step, the distance to the beam is determined by reconstruction of vertices from the proton-proton collisions. If after two sets of 400 vertex reconstructions the distance measurements agree, and if all others safety conditions are fulfilled, the detector is moved to its next position. Currently the movement is stopped and the distance to the beam is recalculated at intermediate distances of 20, 5 and 1 mm from its 'fully closed' position. The whole procedure takes less than 4 minutes of which >80% is due to the actual moving of the detectors. By determining the difference of the alignment parameters from the two detector halves for different fills of the LHC machine, a figure of 5 11m for the accuracy and the reproducibility of the closing procedure is obtained. Fig. 2 shows the difference of the alignment parameter in the X directions as a function of run number for the 20 10 data-set. More information on the alignment procedure of the VELO can be found in [4] . 
II. SIGNAL TO NOISE RATIO
As described in the introduction, the VELO uses 300 11m thick diffusion oxygenated n-bulk sensors with n+ implants. The R-sensors are divided in four 45 degree sections of strips 512 strips each, with radii from 8.2 mm to 42 mm. The pitch varies from 40 to 92 11m from inner to outer strip, respectively. Routing out the signals to the periphery of the sensor is achieved via a second metal layer which is isolated from the first metal layer by a 311m thick Si0 2 layer. The 1> sensors have an inner section with short strips and a larger outer section with twice the number of longs strips; the strip pitch varies from 37 to 98 11m. A second metal layer brings the signal from the inner strips to the front-end electronics at the rim edge of the sensor. This implies that every other outer strip is covered by a routing line from an inner strip. Due to the varying size of the strips and the additional capacitance of the routing lines, the noise depends on the position within the sensor. For the 1>-sensors three groups can be distinguished in the noise plots (Fig 3) ; inner strips, outer strips with, and outer strips without routing lines. For the R-sensors the noise increases with radius which is visible in the signal to noise ratio as shown in Fig. 4 . The cluster signal to noise ratio is > 17 for all strips. 
III. RESOLUTION

A. Spatial Resolution
The single hit resolution is determined by comparing the position of the measured cluster with the fitted intercept of the track with the sensor. The resolution has a linear dependence on the strip pitch as shown in Fig. 5 , and on the projected angle'. Using the information on the amount of charge de posited on the strips for determining the cluster position gives a significant improvement W.r.t. the binary resolution. In the
Projected angle 7-11 degrees VELO, the position of the cluster which is used in the trigger 1 The projected angle is the angle of the track projected onto the plane perpendicular to the strip direction and is zero when a particle passes the sensor at normal incidence.
is calculated by the FPGAs on our digitizer boards [5] by taking the centroid of the charges in the cluster. For the offline analysis the cluster position is calculated with higher precision. The effect of charge sharing and hence improvement of resolution is maximal when the lateral distance traversed in the sensor equals the strip pitch. For the region with 40 /-Lm pitch this corresponds to an angle of about 10°. A single hit resolution of 4 /-Lm is achieved for the smallest pitch and optimal angle. This is the best resolution achieved at the LHC experiments.
B. Primary Vertex Resolution
Primary vertices (PV) are found by reconstructing tracks that come from a common point of origin. A measure for the PV resolution is obtained by splitting the tracks originating from the PV randomly in two equal size sets, and computing the difference of the vertex positions reconstructed from the two sets. The achieved PV resolutions in the X-and Z direction as a function of the number of tracks are shown in vertex we achieve a resolution of about 12 /-Lm in XJY and 65 /-Lm in Z. Even though the PV resolution is very good, there is a small discrepancy w.r.t. the results from the Monte Carlo simulations.
C. Impact Parameter Resolution
The Impact Parameter (IP) is the minimum distance between a track and the primary vertex. Particles from (displaced) decay vertices of B-and D-mesons, which are of primary interest to the experiment, tend to have a larger IP. Hence accurate determination of the IP is very important for LHCb. Fig. 7 shows the excellent IP resolution that was achieved for the 20 11 data-set as a function of the inverse of the transverse momentum of the particle (lIPT). The IP resolution can be described by a straight line, where the intercept with the y axis is mainly determined by the single hit resolution. The slope of the function depends on the amount and position of the material between the vertex and the first measured point because the slope is mainly due to multiple scattering. The achieved IP resolution as such is very good, but there is a non-negligible discrepancy between data and MC which is currently under investigation. The major components of the material in the VELO were compared between the simulation and the masses measured during production and shown to agree to within 15%. Studies are ongoing to check whether the observed discrepancy is due to the simplification of the model of RF-box in the Me.
IV. RADIATION DAMAGE
The first active strip of the sensors of the vertex locator are positioned at only 8.2 mm from the LHC beams and hence are exposed to a radiation dose of up 0. 55 x 1014 neq per fb-l.
Because the sensors are oriented transversely to the beam direction the received dose is highly non-homogeneous over the surface of the sensor. The difference between the amount of radiation received at the innermost and outermost radius differs by more than a factor 20. The evolution of the radiation damage is of great interest to the VELO and is hence actively being followed. Based on the received radiation dose, the high voltage of the sensors will be adjusted and the information which will be used to decide on the proper moment for room temperature (beneficial) annealing of our sensors. Monitoring of the radiation damage is done by looking at the leakage current and full depletion voltage of the sensors.
A. Sensor Leakage Current
Measuring the leakage current on the silicon sensor as a function of bias voltage is the most direct way to access the information on the received ftuence. We perform a current versus bias voltage scan on a weekly basis, at moments when there is no beam in the LHC machine. Direct trending is possible if the sensors are kept cold always. However for all time periods when the sensors' temperature is well above -5°C annealing occurs which should be accounted for. The leakage currents of all 88 sensors in the VELO as function of time is shown in Fig. 8 , together with the delivered integrated luminosity in the top plot. For the majority of the sensors the increase in current is clearly proportional with the ftuence, as expected [6] . The spread in the rising slope is mainly due to differences of the sensor temperatures. Some sensors, however which have a high initial current show a decrease in leakage current with ftuence. This is attributed to a decrease of the surface and edge currents which become lower with radiation. To further assess this hypothesis, leakage current versus temperature scans are taken several times a year. A full scan takes a couple of hours and can hence only be done when the LHC machine is down for a longer period. By measuring the current as a function of temperature, the bulk current contribution which is temperature dependent can be separated from the edge/surface current contribution which is much less temperature dependent.
B. Depletion Voltage
Another way to track radiation damage in silicon sensors is to look at the evolution of the depletion voltage. Contrary to the leakage current measurement described is the previous section, the full depletion voltage can be determined as a function of position on the sensor. This is interesting as the radiation damage is highly non-homogeneous across the sensor. To determine the depletion voltage two methods are at our disposal, noise as a function of voltage, and Charge Collection Efficiency (CCE) as a function of voltage. The latter method is intrinsically more powerful, but because it requires several hours of beam-time, it is more costly and is hence only performed several times a year. The noise versus voltage scan however, can be done on a monthly basis because tracks are not required.
1) Noise versus voltage scan:
The noise in a strip detector depends on the capacitance of the strips, which consists mainly of the inter-strip capacitance 2 and the strip-to-back capacitance. The latter contribution depends on the thickness of the depleted layer and hence is a function of the applied bias voltage. By scanning the noise as a function of voltage a measure for the change of the depletion voltage can be obtained. For a low voltage the noise is high while for higher voltages the noise decreases until a plateau is reached, and thus lInoise reaches a maximum. The voltage at which the maximum is reached is however rather poorly defined and therefore we define a figure-of-merit called Effective Depletion Voltage (EDV) as the point where lInoise reaches 80% of its final value. Plotting the ratio of the EDV after irradiation over the EDV before irradiation as function of position of the sensor, gives for R-sensors the result shown in Fig. 9 . Four regions with different radii are defined; the fluence is highest for region 0 and decreases towards region 3. A smaller ratio means a large change of the EDV.
2) Charge Collection Efficiency: The charge collection efficiency is the best figure-of-merit to monitor the change in the performance of the sensors. During the 20 10 and 20 11 runs, a fluence of 1. 1 fb -1 has been delivered and this is 2 0ther contributions to the capacitance corne from the routing line on the sensor and pitch-adaptor, and from the input of the amplifier.
approximately 10% of the fluence the VELO can withstand before the performance will affect the quality of the physics results. At this moment the charge collection efficiency is still close to 100% if sufficient bias voltage is applied. By looking at the CCE as a function of voltage, the change in depletion voltage can be monitored. As the radiation fluence increases, the depletion voltage of n-bulk sensors will initially decrease, but after reaching the inversion point it will increase again. The inversion point depends on the doping concentration and hence on the initial depletion voltage. In the VELO, we have two groups of sensor with a different initial depletion voltage before irradiation of 20 V and 50 V. Fig. 10 shows the change of effective depletion voltage for a sensor with a low initial depletion voltage as a function of radius for different fluences. The effective depletion voltage is in this case defined as the voltage at which 80% of the full charge is collected. The regions of the sensors closest to the beam receive the highest dose, and hence have already gone through type-inversion at an integrated luminosity between 400 and 800 fb -1. This corresponds to a fluence between 2.2x 1013 and 4.4x 1013 neq/cm 2 which is consistent with literature.
V. SUMMARY
The Vertex Locator of the LHCb experiment has been operated successfully during the first years of data-taking. Excellent performance figures like a single hit resolution of up to 4 /-Lm, a primary vertex resolution in the transverse plane of 12 /-Lm for 30-35 tracks and a very good impact parameter resolution have been achieved. The first active strip of the silicon sensor is at only 8.2 mm from the beam and hence the sensors are exposed to a high radiation dose. The radiation damage is being actively monitored by measuring the change in leakage current and depletion voltage. The tip of the sensors have gone through type inversion after the first fb-1 of recorded luminosity.
